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In Brief
Noguchi et al. developed methods of 3D
mapping and 4D live imaging of
developing lung epithelial cells. The
authors discovered that neuroepithelial
body (NEB) development proceeds in a
stepwise manner in which solitary
neuroendocrine cells differentiate and
subsequently undergo directional
migration toward a stereotypic position of
branching airways to organize NEBs.
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The airway epithelium consists of diverse cell types,
including neuroendocrine (NE) cells. These cells are
thought to function as chemoreceptors and as a
component of the stem cell niche as well as the cells
of origin in small-cell lung cancer. NE cells often
localize at bifurcation points of airway tubes, forming
small clusters called neuroepithelial bodies (NEBs).
To investigate NEB development, we established
methods for 3D mapping and ex vivo 4D imaging of
developing lungs. We found that NEBs localize at ste-
reotypic positions in the bifurcation area irrespective
of variations in size. Notch-Hes1 signaling contributes
to the differentiation of solitary NE cells, regulating
their number but not localization. Live imaging re-
vealed that individual NE cells migrate distally to and
cluster at bifurcation points, driving NEB formation.
Wepropose that NEBdevelopment is amultistep pro-
cess involvingdifferentiationof individualNEcells and
their directional migration to organize NEBs.INTRODUCTION
The epithelium of the mammalian lung consists of various cell
types that serve to support respiratory function (Morrisey and
Hogan, 2010; Rackley and Stripp, 2012). The distribution pat-
terns of these cells are determined at the pseudoglandular
stage (embryonic days [E]11.5–16.5 in the mouse) of the fetal
lung, during which airway branching morphogenesis occurs
and the terminal buds come to contain a population of multipo-
tent epithelial progenitors (Perl et al., 2002; Rawlins et al., 2009a).
As the bronchial tree extends, descendants of the multipotent
progenitor cells give rise to lineage-restricted progenitors that
produce all of the differentiated cells. One such cell type, neuro-
endocrine (NE) cells, are bi-functional epithelial cells that are de-
tected either as scattered solitary cells or as small clusters in the
trachea to bronchioles but not the alveoli (Cutz et al., 1978; Fujita
et al., 1998; Linnoila, 2006). These NE cell clusters are referred to
as neuroepithelial bodies (NEBs), and multiple reports haveCell Repshown that NEBs are frequently observed at bifurcation points
of branching airways. These are referred to as ‘‘nodal’’ NEBs
(Avadhanam et al., 1997; Cutz et al., 1978; Hoyt et al., 1990; Fig-
ure 1A), whereas NEBs in inter-bifurcation regions are called
‘‘internodal.’’ This unique positioning of NEBs may be beneficial
for their ability to sense hypoxic conditions through the chemo-
receptor activity of NE cells (Linnoila, 2006; Youngson et al.,
1993) because inspired air is trapped at bifurcation points.
Mature NEBs are innervated on the basal side by vagal nerve af-
ferents (Adriaensen et al., 1998; Chang et al., 2015). Aberrant
large clusters of NE cells have been observed in neuroendocrine
hyperplasia of infancy (NEHI) (Deterding et al., 2005; Young et al.,
2011) and neuroendocrine tumors, including small-cell lung can-
cer (Semenova et al., 2015), highlighting the importance of the
regulation of NE cell populations to human health. Involvement
of NEBs in adult tissue regeneration has also been investigated.
In a naphthalene-induced club cell injury model, epithelial tissue
regeneration occurs preferentially around nodal NEBs at bifurca-
tion points, suggesting that NEBs may serve as a microenviron-
ment that stimulates variant club cells as progenitors (Hong
et al., 2001; Reynolds et al., 2000). However, we note that epithe-
lial regeneration can occur in the absence of NEBs because of
the redundant function of regular Club cells as epithelial progen-
itors (Rawlins et al., 2009b; Song et al., 2012).
Despite the functional importance of NE cells and NEBs, their
developmental course remains unclear, in part because of tech-
nical limitations in obtaining high-resolution images and quanti-
tative analysis of the behavior of epithelial cells in the context
of a 3D branching morphology. In this study, we established
methods for 3D mapping of lung epithelial cells and ex vivo 4D
imaging of the developing lung. Using these methods, we pro-
vide evidence suggesting a stepwise development of NEBs,
involving the differentiation of solitary NE cells and their direc-
tional migration toward bifurcation points to form NEBs following
branching morphogenesis.
RESULTS
3D Mapping and Quantification of the NEBs on
Branching Airways
Immunohistochemical analyses have detected nodal NEBs at
airway bifurcation structures but are insufficient to determineorts 13, 2679–2686, December 29, 2015 ª2015 The Authors 2679
Figure 1. NE Cell Distribution in Airway Branching Structures
(A) Immunohistochemistry of E18.5 lung with anti-calcitonin gene-related peptide (CGRP) (brown) illustrated locations of NEBs on bifurcation points (arrowhead)
or the inter-bifurcation region (arrow).
(B) Co-immunostaining for GFP (green) and Ascl1 (red) in E14.5 RetEGFP/+ lung revealed GFP expression in solitary NE cells (arrow) and clustered NE cells
(arrowhead) of RetEGFP/+ lung.
(C) Processes of 3D image analysis. Z stack images of SHHCre/+; R26RH2B-mCherry; RetEGFP/+ lungs were collected. The outlined epithelium labeled by SHHCre/+;
R26RH2B-mCherry were traced on each 2D image using IMARIS Drawing mode. The enclosed regions of the raw images were processed with 3D rendering, and
then the epitheliumwas colored in blue, and the NEB signals were regionalized. Finally, the NEBs were classified as nodal (green) or internodal (red) NEBs by their
positions on the bifurcating tissue structure. See the Experimental Procedures for details.
(D–F) 3D images of whole cranial lobes of SHHCre/+; R26RH2B-mCherry; RetEGFP/+ lungs at E14.5 (D and D’), E15.5 (E and E’), and E16.5 (F and F’). Right: magnified
views of the dotted boxes at the left. The circle shows the Cr-V1 branch (Figure 3).
Scale bars, 100 mm (A and B) and 300 mm (C–E).the positions of internodal NEBs and their structures because
of the lack of data on 3D branching airways (Figure 1A). To
accurately map the positions of all NEBs throughout the entire
respiratory tree, we used two-photon microscopy to image
whole-mount lungs in transgenic mouse strains expressing
fluorescent reporters in all epithelial and NE cells. We found
that NE cells and vagal nerves express the Ret gene from
E14.5 at the latest (Figure 1B; Figures S1A–S1C). Given that
the Ret gene is dispensable for NE cell differentiation and
cluster formation (Figures S1D–S1F), we used RetEGFP knockin
reporter mice (Jain et al., 2006) to visualize NE cells. We gener-
ated RetEGFP/+; SHHCre/+; R26RH2B-mCherry mice (Abe et al.,
2011) to visualize NE cells in the epithelium (EGFP+; mCherry+)
and neuronal cells in the mesenchyme (EGFP+; mCherry).
Lungs were collected at E14.5, E15.5, and E16.5 and cleared
using clear, unobstructed brain imaging cocktail (CUBIC) solu-
tion (Susaki et al., 2014). The cranial lobe was selected for
imaging because it is the thinnest of the lung lobes and best2680 Cell Reports 13, 2679–2686, December 29, 2015 ª2015 The Ausuited for imaging purposes. The 3D architecture of mCherry+
lung epithelium was extracted computationally from 3D image
stacks by removal of mesenchymal signals, and data on the
positions of all epithelial and NE cells were recorded (Figure 1C;
Experimental Procedures). The NEBs were classified as nodal
(Figures 1D–1F; Figure S1G, green/cyan) or internodal (Figures
1D–1F; Figure S1G, red) by their positions on bifurcating tis-
sue structures. In proximal regions, the most conspicuous clus-
ters corresponded to nodal NEBs associated with bifurcation
points (Figures 1D–1F; Movie S1, green). The NEBs grew
following centrifugal NE cell differentiation from proximal to
distal, consistent with previous reports (Avadhanam et al.,
1997; Hoyt et al., 1990). We next quantitatively compared nodal
and internodal NEBs in size. Although the average volumes of
nodal and internodal NEBs increased during development,
nodal NEBs were significantly larger than internodal NEBs at
each stage (Figure S1H). A histogram of the volume shows
the bi-modal distribution of each class of NEBs (Figure S1I),thors
which shows that nodal NEBs grow predominantly to larger
sizes than internodal NEBs.
Next, we redefined the localization of nodal NEBs by close
examination of their positions within the entire geometric archi-
tecture of the airway tubes (Figures S1J and S1K). We ranked all
NEBs by measuring the distances between NEBs and various
points defined as follows: (1) the closest single intersection
points (Figure S1L), (2) the centroids of a triangle linking three
intersection points (Figure S1M), and (3) the angle bisector of
a bifurcation (Figure S1N). In all measured categories, more
than half of the nodal NEBs were classified in rank (1) or (2)
(close to the selected points). Refining this approach, we com-
bined the definitions used in (2) and (3) and found that >90% of
nodal NEBs were grouped in rank (1) or (2) (Figure S1O). These
data indicate that nodal NEBs locate at stereotypic positions
in airway branching structures. In addition, we looked for cor-
relations between nodal NEBs and bifurcating angles of the
airways (Figures S1P and S1Q; Experimental Procedures), but
failed to detect a significant correlation between nodal NEB
volume and angle of bifurcation (the correlation coefficient
was –0.2285), suggesting that angle variation does not affect
the size of the NEBs.
Notch-Hes1 Signaling Is Required for Restricted
Differentiation of Solitary NE Cells
To gain a better understanding of the mechanisms by which NE
cell clusters (NEBs) form, we assessed the contributions of NE
cell proliferation and Notch-Hes1-mediated NE cell specifica-
tion. The proliferation indices of NE cells and other cell types in
developing airways were estimated by 5-iodo-20-deoxy-uridine
(IdU) incorporation assay. We found that NE and ciliated cells
show similarly low proliferation indices (0.8% ± 0.8% and
1.7% ± 0.8%; Figure S2H). Given that ciliated cells are not
capable of mitosis, these indices suggest that NE cells are also
mostly quiescent.
Several groups, including ours, have reported that Notch
signaling plays a key role in NEB development (Ito et al., 2000;
Morimoto et al., 2012; Tsao et al., 2009). We identified Notch-
active cells that surround the NEBs and named them SSEA-1-
positive, peri-NEB, Notch-active, CC10-negative cell population
(SPNC) cells (Morimoto et al., 2012). Two possible mechanisms
have been proposed to define the relationship between SPNC
and NE cells: classical Notch-mediated lateral inhibition control-
ling alternative cell fate selection between SPNC andNE cells (Ito
et al., 2000) and non-cell-autonomous suppression, in which
SPNC cells suppress NE cells following NE cell differentiation.
To determine whether one or both mechanisms control(s) the
NE cell population, we tested the potential contribution of
SPNC cells to NEB formation by assessing the effect of the se-
lective ablation of SPNC cells. We generated a transgenicmouse
line,Nkx2.1CreERT2/+; UPK3-STOP-DTA, in which diphtheria toxin
fragment A (DTA) toxicity selectively killed SPNC cells express-
ing the Upk3 gene following tamoxifen injection at an expected
or moderate efficiency (Figure S2A–S2E). However, no signifi-
cant change was observed in the NE cell population in these
transgenic lungs (Figures S2F and S2G), suggesting that SPNC
cells do not regulate the number of NE cells in NEBs when
they have formed. We turned next to the onset of NE cell differ-Cell Repentiation at E13.5. NE cells marked with the early marker Ascl1
appeared as solitary cells in a salt-and-pepper pattern at the
proximal region andwere not restricted to bifurcation points (Fig-
ure 2A, A’, arrowheads). We genetically ablated Hes1 from
endodermal epithelium by generating SHHCre/+; Hes1f/f mice
and examined Ascl1-positive epithelial cells at E13.5. Compared
with the control, the Hes1-deficient epithelium showed abun-
dant NE cells that tended to adjoin each other at the proximal re-
gion in Hes1-deficient epithelium (Figures 2B, 2B’, arrowheads,
2C, and 2D). The punctate distribution of NE cells in the normal
E13.5 lung and the disruption of this pattern in Hes1 mutants
suggests that Notch-Hes1 signaling suppresses NE cell fate in
a classical lateral inhibition fashion. This may also be supported
by the observation that NE cells express Notch ligand Dll1
(Morimoto et al., 2012). To analyze the effect of Hes1 depletion
in the NEB formation, we performed NEB 3D mapping by gener-
ating SHHCre/+; R26RH2B-mCherry; RetEGFP/+; Hes1f/f embryos and
imaged the cranial lobes at E16.5. In contrast to the wide distri-
bution of NE cells at E13.5, we noticed markedly enlarged NEBs
throughout the proximal to distal airways (Figure 2E; Movie S2).
Further image analyses showed significant enlargement of
nodal NEBs (Figure 2F), and gene expression of Cgrp, a genetic
marker of NE cells, was increased aberrantly in the mutants
(Figure 2G). Hes1 deletion, however, did not alter the positions
of nodal NEBs. In conclusion, Notch-Hes1 signaling is involved
in restricting NE cell fate in epithelial progenitors. By E16.5,
excess NE cells in Hes1 mutants were all incorporated into
NEB clusters.
Single-Cell Resolution Imaging Revealed a Non-
stereotypic Process of NEB Formation
To analyze the NEB formation process, we used a modified
approach to 3D imaging to resolve single cells by focusing on
a specific branch and conducting a time course analysis from
E14.5 to E16.5. The Cr-V1 branch of the cranial lobe was chosen
for this analysis (Figure 1F, circle) (Metzger et al., 2008) because
this branch contains the proximal to distal airways within a short
range. All NE cells in the Cr-V1 branch were mapped and
counted at three different stages (Figures 3A–3F; Figure S3A).
NE cells first appeared around the main bronchi at E14.5 and
spread out to the distal airways through E15.5 to E16.5, suggest-
ing a wave of NE cell/NEB development from the proximal to
distal, which is consistent with our observations shown in Fig-
ure 1. This single-cell resolution analysis revealed that the
numbers of NE cells at bifurcations or inter-bifurcations were
not conserved, even in littermates (Figure S3B), suggesting
that, although the positions of nodal NEBs are regulated and
conserved, the NEB formation process and the size of the
NEBs are not stereotypic. We further examined the shapes of
developing NE cells using these single-cell resolution images
and found that a few solitary NE cells showed a ‘‘teardrop’’
shape (Figure 3G, arrowhead; Movie S3). Immunofluorescence
analysis also detected a thin protruding structure extending
from certain NE cells (Figure 3H, arrowhead) reminiscent of a
feature of migrating neutrophil and neuronal precursors. These
observations prompted us to hypothesize that NE cells emerge
as solitary cells and, subsequently, migrate toward a bifurcation
point to form NEBs.orts 13, 2679–2686, December 29, 2015 ª2015 The Authors 2681
Figure 2. Notch-Hes1 Signaling Produces Solitary NE Cells by Regulating NE Cell Differentiation
(A–B’) Staining of Ascl1 (green) in the E13.5 control (Cont, A) or SHHCre/+; Hes1f/f (B). The dotted boxes are magnified in (A’) and (B’).
(C and D) For quantitative analysis, at least eight photos of the proximal bronchi from three biological samples for each genotype were examined to determine the
ratio of NE cells in total epithelial cells (C) and the proportion of single NE cells and multiple NE cells (D).
(E and E’) NEB mapping with the Hes1 deficient lung. The cranial lobe of SHHCre/+; R26RH2B-mCherry; RetEGFP/+; Hes1f/f at E16.5 was imaged with the same
procedure as in Figure 1C (E). The area of the dotted box is magnified in (E’). Scale bar, 300 mm.
(F) Boxplot diagram showing the volumes of nodal (N) and internodal (In) NEBs at E16.5. In the control, 142 nodal and 1,106 internodal NEBs were measured that
showed volumes in the range of 816–219,255 mm3 and 59–173,748 mm3 and medians of 23,184 and 1,553 mm3. In SHHCre/+; R26RH2B-mCherry; RetEGFP/+; Hes1f/f,
111 nodal and 316 internodal NEBs were measured that showed volumes in the range of 440–680,025 mm3 and 59–287,159 mm3 and medians of 44,483 and
1,090 mm3.
(G) Quantification of Cgrp expression at E18.5 by qRT-PCR (n = 6).
*p < 0.05 by Student’s t test, **p < 0.05 by Welch’s unequal variance t test.DirectedMigration of NECells towardBifurcation Points
Creates Nodal NEBs
To test the above hypothesis, we established a 4D imaging
method for the developing lung, involving 3D plus time-lapse im-
aging of living tissue. A combination of two-photon microscopy
and the air-liquid organ culture method enabled us to image
developing lungs. We cultured E13.5 cranial lobes at the air-
liquid interface on a membrane filter that becomes transparent
in liquid (Figure 4A). After preculture for 1 hr, developing cranial
lobes were imaged by inverted-type two-photon microscopy
for 15 hr. Time-lapse images of developing epithelial and NE
cells (Figure 4B; Movie S4A) acquired in this manner show
that the airway epithelium grows and divides continuously to
generate new branches. In these 4D images, NE cells initially
appear as individual cells (Figure 4B, dotted box), in line with
our expectations. These cells subsequently migrated toward a
bifurcation point located in amore distal region and accumulated
there to form an NEB (Figures 4B and 4C; Movie S4B). Some NE
cells also clustered at inter-bifurcation areas. Most likely, these
clusters were primordial internodal NEBs. We tracked seven
migrating cells in three biological samples (Figure 4D; Movie
S4C) and calculated the straightness of their migration,2682 Cell Reports 13, 2679–2686, December 29, 2015 ª2015 The Aucomparing this value with that of randomly selected epithelial
cells (Figure 4E; Movie S4D). These analyses reveal that the
migration of NE cells is highly directional compared with that of
other cells (Figure 4E). We further examined the morphology of
migrating NE cells. Some NE cells showed a rhythmical expan-
sion and contraction movement of their protrusive structures at
the migrating period (Figure 4F, arrowheads; Movie S4E). During
our observations, all solitary NE cells were migratory prior
to cluster formation. Immunofluorescence staining of laminin, a
basement membrane protein, indicated that NE cells migrate
above the basement membrane (Figure 4G). These observations
support the idea that NE cells emerge as solitary cells and sub-
sequently migrate toward bifurcation points on the basement
membrane to form nodal NEBs. Internodal NEBs may be
generated by a population of cells that are arrested during this
migration.
DISCUSSION
During the past 35 years, the predominant distribution of NEBs at
airway bifurcation points has been observed repeatedly in
different rodent models (Avadhanam et al., 1997; Cutz et al.,thors
Figure 3. Time Course Analysis of Developing NE Cell Distribution and Cell Shape
(A, C, and E) 3D distribution of NE cells in the Cr-V1 branch at E14.5 (A), E15.5 (C), and E16.5 (E). The dotted boxes aremagnified in the insets. NE cells are labeled
by several pseudo-colors to distinguish individuals.
(B, D, and F) Schematic lineage diagrams of the Cr-V1 branch corresponding to (A) (shown in B), (C) (shown in D), and (E) (shown in F). The numbers of nodal NEBs
(red) and internodal NEBs (black) are indicated at the corresponding positions: the bifurcation points (beside the black boxes) and inter-bifurcation (red lines). The
blue circle shows NEBs bridging two neighboring bifurcation points. A, anterior; D, dorsal; L, lateral; M, medial; P, posterior; V, ventral.
(G) A high-resolution 3D image of NE cells (red) on E14.5. The dotted boxes are magnified in the insets. The teardrop-shaped NE cell was rarely observed
(arrowhead).
(H) Staining of GFP with an E14.5 RetEGFP/+ lung (green). A few NE cells display a protrusion-like structure (arrowhead).
Scale bars, 100 mm (A, C, and E), 50 mm (G), and 10 mm (H).1978; Linnoila, 2006). Nevertheless, detailed information on NEB
positioning has been lacking. In this report, we illustrate a spatial
relationship between 3D branching morphology and nodal NEB
localization. We think that the centroid of the triangle defined
the distal space from an intersection point and that the angle bi-
sectors of bifurcations pointed out the center of the bifurcating
tissue structure. This geometrical model could be useful in future
studies of the stereotypic patterning of nodal NEBs.We also pro-
vided direct evidence showing that cell-autonomous Notch-
Hes1 signaling inhibits NE cell differentiation in a classical lateral
inhibition fashion, giving rise to a limited number of NE cells. This
mechanism also contributes to the generation of solitary NE
cells. Because Notch-mediated lateral inhibition takes place dur-
ing differentiation from a naive epithelial sheet (Artavanis-Tsako-
nas et al., 1999), we suggest that the total NE cell numbermay be
fixed during embryogenesis and conserved throughout life,
which is supported by previous observations revealing that the
total number of NE cells does not change after birth in humans
and rats (Gillan et al., 1986; Gosney et al., 1988). Given that
some groups have reported that a small number of NE cells
are proliferative in adult rat (Montuenga et al., 1992) and human
(Boers et al., 1996) airway epithelium, interspecies differences
should be investigated in the future.
In this study, we found that themajority of migrating NE cells is
directed toward distal regions, evenwhen the nearest bifurcation
point is found in another direction, and that they accumulate pre-
dominantly at those bifurcation points at which they first arrive.
Many more internodal NEBs were observed than nodal NEBs,
especially at the distal region throughout development (Fig-
ure S1I), which may represent an intermediate phase of NEB for-
mation. In seeking to account for these phenomena, it may be
that one or more signals released from the distal tip serve(s) asCell Repa chemoattractant for NE cells but that these cells are anchored
at the bifurcation point of first arrival by other signals during their
migration. We also detected a significant numbers of inter-
nodal NEBs and observed that some NE cells failed to approach
a bifurcation point and, subsequently, clustered to form inter-
nodal NEBs. These observations suggest the presence of
complex signals that regulate NE cell clustering. Neuroendocrine
cells are known to appear as solitary cells in human bronchi,
which is similar to the solitary NE cells in the mouse trachea
(Rock et al., 2011). Both tissues include basal cells that stay
on the basal membrane on which NE cells are migrating,
which suggests that epithelial cell context may influence NEB
formation.
A recent report has also described a cell migration-mediated
process in NEB development (Kuo and Krasnow, 2015). That
group analyzed the cellular biology of a later step in cluster for-
mation and reports that solitary NE cells temporarily lose epithe-
lial-type cell adhesion and crawl over neighboring cells to reach
bifurcation points. They propose that NE cells form NEBs by a
novel form of cell migration they named ‘‘slithering.’’ Their report
mentions that revealing how Notch signaling regulates NEB for-
mation is important to identify the mechanisms of NEB develop-
ment. In our report, we developed technologies for quantitative
mapping of all epithelial and NE cells in a 3D topological aspect
to disclose the entire process of NE cell and NEB development.
We also demonstrated that Notch-Hes1 signaling contributes to
the generation of solitary NE cells at the initial process, followed
by directed cell migration to form NEBs at bifurcation points.
Epithelial Hes1 ablation resulted in a clear increase in multiple
NE cells but not in a stereotypic pattern of nodal NEBs. The re-
sults of these two studies are mutually reinforcing and collec-
tively advance our understanding of the cell biological aspectsorts 13, 2679–2686, December 29, 2015 ª2015 The Authors 2683
Figure 4. Ex Vivo 4D Imaging of a Developing Lung Disclosed NE Cell Migration
(A) Schematic images of lung organ culture for 4D imaging. See Experimental Procedures for detail.
(B) A whole image of a cultured lung of a SHHCre/+; R26RH2B-mCherry; RetEGFP/+ mouse, corresponding to Movie S4A. Shown are the epithelium (red) and NE cells
(green). The dotted box is magnified in (C).
(C) Snapshot images of Movie S4B at 0, 6, and 12 hr. The arrows indicate an NE cell cluster at the bifurcation point. The arrowheads indicate migrating NE cells.
(D) Three colored lines trace the routes of NE cell migration shown in Movie S4C.
(E) The track straightness of the migrating NE cells (n = 7) and randomly selected distal (n = 8) and proximal (n = 9) epithelial cells in three biological lung samples.
*p < 0.05 by Student’s t test.
(F) Snapshot images of Movie S4E at 0, 4, 8, 12, and 16 hr. The arrowheads indicate a solitary NE cell (green) showing a rhythmic expansion and contraction
movement.
(G) Staining with EGFP (green) and Laminin (red) of an E14.5RetEGFP/+ lung. The arrowhead indicates a solitary NE cell. The asterisk shows EGFP expression in the
vagus nerve.
Scale bars, 100 mm (B), 50 mm (C), and 20 mm (F and G).of lung development. On the other hand, our high-resolution 3D
imaging and immunostaining of lung sections detected no soli-
tary NE cell on the luminal surface of the airway, whereas all sol-
itary NE cells remained attached to the basal membrane even
when they assumed thin extended cell shapes.
We attempted to identify the molecules regulating NEB
formation and found unique expression patterns of Cxcr4
and N-cadherin in NE cells (Figure S4). Cxcr4 is a chemokine
receptor regulating cell migration, and N-cadherin is a trans-
membrane protein regulating cell-cell adhesion. Our results
suggest the presence of at least three factors (or combinations
of factors) that control NE cell clustering, working to attract
them to the distal trap at bifurcation points, and induce their
aggregation. Given that NE cells are thought to be the cells
of origin in highly malignant small-cell lung cancer, investi-
gating the molecular mechanisms of NE cell migration may
provide important clues toward the development of new ther-2684 Cell Reports 13, 2679–2686, December 29, 2015 ª2015 The Auapeutic approaches to mitigate this malignancy (Semenova
et al., 2015).
EXPERIMENTAL PROCEDURES
Modification of the 3D Images
Using IMARIS 7.7 software (Bitplane), the position and structure of epithelial
cells were quantified, and signal noises were removed (Figure S1J). For each
z stack image, the outlines of mCherry signals (epithelial cells) were traced
to carve the 3D images into epithelium using the IMARIS Drawing mode. The
regions of interest, such as epithelium (mCherry+) and the NEBs (EGFP+),
were masked by the Mask Channel option. Then the signals of the NEBs
were regionalized by 3D rendering, and we removed signal noises. These
NEBswere classifiedasnodal or internodalNEBsby their locations on thebifur-
cation tissue structure and labeled with pseudo-colors in green or red.
Animal Experiments
All animal experiments were approved by the animal experiment research
committee of the RIKEN Kobe area (K12-EP020). We handled the mice inthors
accordance with the ethics guidelines of the RIKEN Center for Developmental
Biology.
See the Supplemental Experimental Procedures for more information.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and four movies and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2015.11.058.
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